Caspase recruitment domain (CARD)-containing protein 8 (CARD8) is a potential candidate risk gene for inflammatory bowel disease (IBD) because of its role as a component of the NALP3 inflammasome and as an inhibitor of nuclear factor-kappa B. Previous studies examining the association of a CARD8 single-nucleotide polymorphism (SNP) (rs2043211, p.Cys10X) with IBD yielded mixed results in Caucasians that may result from interaction with NALP3 or NOD2 (nucleotide-binding oligomerization domain 2) variants. To understand the genetic association between CARD8/NALP3 and IBD in Koreans, we investigated seven CARD8, four NALP3 and four NOD2 SNPs in 650 Crohn's disease (CD), 660 ulcerative colitis (UC) patients and 688 controls from the Korean population. rs2043211 of CARD8 showed significant association with UC (P¼0.011; odds ratio¼1.50, 95% confidence intervals¼1.12-2.00, P¼0.006 under recessive model). In contrast, an SNP in intron 1, rs1972619, was associated with CD only (P¼0.033). None of the NALP3 or NOD2 SNPs was significantly associated with CD or UC in the Korean populations. The stop allele of rs2043211 was associated with higher serum interleukin-1b levels only in female patients with UC (P¼0.027). Our data suggest that CARD8 variants might have roles in the pathogenesis of CD and UC in Koreans.
INTRODUCTION
Inflammatory bowel diseases (IBD) are chronic recurrent disorders, clinically composed of Crohn's disease (CD) and ulcerative colitis (UC). Among the two IBD subtypes, a genetic contribution to CD risk is better documented than that of UC. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] To date, linkage and genome-wide association studies in Caucasian populations have identified more than 30 CD susceptibility loci. [1] [2] [3] [4] [5] [6] Some CD candidate genes were also associated with UC in Caucasians. 11, 12 Although recent genome-wide association studies have successfully mapped susceptibility loci for IBD, novel potential candidate genes remain to be identified. Caspase recruitment domain (CARD)-containing protein 8 (CARD8) is a potential candidate risk gene for IBD, based on gene location (in the IBD 6 locus) and biological function. [13] [14] [15] [16] CARD8 acts as a negative regulator of nuclear factor-kappa B 13, 14 and is a suppressor of apoptosis. 15, 16 Recent studies found that CARD8 interacted with NALP3 (NACHT; NAIP, CIIA, HET-E, and TP1; Neuronal apoptosis inhibitor protein (NAIP), MHC Class II transcription activator (CIIA), Incompatibility locus protein from Podospora anserina (HET-E), and Telomerase-associated protein (TP1) domain, leucine-rich repeat and pyrin domain-containing protein 3) and NOD2 (nucleotide-binding oligomerization domain 2), members of the NOD-like receptor family, implying a role for CARD8 in the regulation of multiple inflammatory pathways. 17, 18 Tumor necrosis factor-a, interleukin-1b (IL-1b), and IL-6 are characteristically overproduced in CD patients. 19 Production of mature IL-1b requires two distinct events: enhanced precursor synthesis stimulated by nuclear factor-kappa B and precursor processing through caspase-1 activation accomplished by a caspase-1-activating protein complex known as the inflammasome. 20 CARD8 has an important role in cytokine regulation by interacting with the NALP3 inflammasome. 21, 22 This inflammasome, consisting of CARD8, ASC (apoptosis-associated speck-like protein), and NALP3, regulates the activity of caspase-1 and the maturation and release of IL-1b. NOD2 is additionally implicated in caspase-1 activation through the NALP1 inflammasome, in the release of active IL-1b, and in pro-IL-1b transcription. 23, 24 Moreover, CARD8 was shown to interact with NOD2 and negatively regulate NOD2-mediated signaling by interfering with NOD2 oligomerization. 18 It remains unclear whether NOD2 requires NALP3 and/or NALP1 for activation of caspase-1. Pan et al. 17 showed that both NOD2 and NALP3 were necessary for IL-1b secretion after stimulation of murine macrophages by muramyl dipeptides. In contrast, Hsu et al. 23 reported that NOD2 interacted with NALP1, but not with NALP3.
Earlier studies examining the association of a nonsynonymous single-nucleotide polymorphism (SNP) (C10X) in CARD8 with IBD reported conflicting results in Caucasians. [25] [26] [27] [28] Some reported a positive association of C10X with CD; but, the associated alleles were inconsistent. 25, 26 Other studies, including a genome-wide association studies, found no evidence of CD association with any allele. 5, 27, 28 Subsequent reports found that patients homozygous for the C10X polymorphism still expressed an immunoreactive isoform of CARD8, although at a reduced level. 29 Recently, variants in another component of the NALP3 inflammasome, NALP3 and/or NOD2, and a combination of NALP3 (Q705K) and CARD8 (C10X) genotypes, were found to be associated with disease severity of rheumatoid arthritis 30, 31 and CD in the absence of NOD2 mutations. 32, 33 Analysis of CARD8, NALP3 and NOD2 in the Korean UC and CD patients of this study found no evidence of NALP3 or NOD2 association with either disease. However, CARD8 was positively associated with CD and/or UC in our study population. Interestingly, the SNPs associated with the two diseases were distinct, suggesting that the pathogenic mechanisms of CD and UC overlap but remain discrete. We additionally observed a correlation between presence of the stop allele of rs2043211 and higher serum IL-1b levels, but only in female patients with UC.
MATERIALS AND METHODS

Study population
The study population consisted of 650 CD patients (441 men and 209 women), 660 UC patients (344 men and 316 women) and 688 unrelated healthy controls (351 men and 337 women). Part of this cohort was studied previously. [34] [35] [36] All patients with CD or UC were diagnosed at the IBD Clinic of Asan Medical Center, Seoul, Korea on the basis of clinical, radiologic, endoscopic and histopathologic criteria. [37] [38] [39] Patients with indeterminate colitis were excluded from the study. Disease-free individuals recruited from the Health Promotion Center of the Asan Medical Center (based on routine health checkups) were employed as controls. The phenotypic subgroups of CD and UC were determined by two independent investigators (SKY and SKP in CD; SKY and BDY in UC), blinded to the results of the genotype analysis, using the Montreal classification with minor modifications. 35, 40 Briefly, CD patients were subgrouped according to age at diagnosis (A1: p16 years; A2: 17-40 years; A3: X40 years), disease location (L1, ileum; L2, colon; L3, ileocolon) and disease behavior (B1, inflammatory; B2, stricturing; B3, penetrating). Upper gastrointestinal (GI) and perianal disease modifiers of the Montreal system were not included in our classification scheme. UC patients were grouped on the basis of maximal endoscopic extent as E1 (ulcerative proctitis), E2 (left-sided UC), or E3 (extensive UC). The demographic and clinical characteristics of the study population are summarized in Table 1 . Gender distributions were statistically similar in the UC and control groups, but not age distributions. Neither gender nor age distributions were similar between the CD and control groups. This study was approved by the Institutional Review Board of Asan Medical Center, and written informed consent was obtained from all subjects.
SNP genotyping
Genomic DNA was isolated from 5 ml samples of ethylenediaminetetraacetic acid (EDTA) anticoagulated venous blood by standard methods using proteinase K and phenol/chloroform extraction. In total, 16 SNPS were selected and genotyped, including seven CARD8 (rs1965759, rs1062808, rs4389238, rs2288877, rs2043211, rs2288876 and rs1972619), five NALP3 (rs10802501, rs1539019, rs2027432, rs76291085 and rs35829419) and four NOD2 (rs8057341, rs1861759, rs751271 and rs1077861). Samples were genotyped using a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry-based system (Sequenom, San Diego, CA, USA) at the Analytical Genetics Technology Centre, Princess Margaret Hospital/University Health Network in Toronto, Canada. Genotype call rates were 497.5%: markers rs1965759, rs1062808, rs4389238 and rs1972619 were typed in 601 controls, and markers rs2288877, rs2043211 and rs2288876 were typed in 688 controls.
Measurement of the IL-1b concentration in serum
Serum samples were stored at À20 1C. Quantitative detection of IL-1b in serum was performed using human IL-1b enzyme-linked immunosorbent assay kit II (BD Biosciences, San Diego, CA, USA). In brief, microtiter plates (BD Biosciences) were coated with 100 ml per well of a mouse monoclonal antibody against IL-1b, according to the manufacturers' instructions. Standards and serially diluted human serum samples were added to the wells and incubated for 2 h at room temperature. After washing five times with washing buffer, 100 ml of biotinylated antihuman IL-1b antibody was added and incubated for 1 h at room temperature. Following a second wash, 100 ml of streptavidinhorseradish peroxidase was added to the wells and incubated for 30 min. Color was developed by adding 100 ml of tetramethyl-benzidine substrate solution, and the color reaction stopped by the addition of 50 ml of STOP solution. Optical density was measured at 450 nm using an enzyme-linked immunosorbent assay plate reader. A standard curve was prepared on the basis of seven IL-1b dilutions, and the IL-1b sample concentrations determined. The assay had a detection range of 1.95-125 pg ml À1 .
Statistical analysis
Genotype frequencies between cases and controls were assessed separately for consistency with those expected from Hardy-Weinberg equilibrium using SNP Alyze software, Version 5.0 (Dynacom, Yokohama, Japan). The associations were examined by comparing allele and genotype frequencies from different groups of subjects using the w 2 -test with a 1000 permutation correction in 
RESULTS
Association analysis of CARD8 polymorphisms with IBD in Koreans
Seven SNPs of CARD8 were analyzed in 1 310 IBD patients (650 with CD and 660 with UC) and 688 healthy controls. The SNPs examined did not significantly deviate from Hardy-Weinberg equilibrium. Moreover, no SNP showed a significant association with IBD in Koreans. The differences in the allele frequencies of the seven SNPs between controls and IBD patients ranged from 0.1-1.7%, and did not attain statistically significant levels (data not shown). However, upon separate association analyses for CD and UC, six SNPs showed opposite risk alleles and the SNPs associated with CD and UC were different (Tables 2 and 3 ).
Association analysis of CARD8 polymorphisms with UC in Koreans
The genotype distributions of the seven SNPs in UC are summarized in Table 2 . Results are expressed as adjusted ORs (aOR) using logistic regression analysis with adjustment for gender and age.
Among the seven SNPs genotyped, rs2043211, a nonsynonymous SNP of CARD8 (C10X), showed the most significant difference in allele frequency (4.9%) between UC patients and controls (P¼0.011). However, the difference between control and CD groups was 1.4%, in the opposite direction (Table 3) . The difference in stop allele frequency between CD and UC patients was 6.3% and statistically significant (P¼0.001). The aOR of rs2043211 for the TT genotype in comparison with the combined genotype (TA and AA) was 1.50 (95% CI¼ 1.12-2.00, P¼0.006).
Next, we analyzed association by gender. The only marker showing a statistically significant frequency difference between men and women was rs2043211. The difference was 6.8% in men and 2.8% in women, and statistical significance was thus evident in men only (P¼0.011). The aOR of rs2043211 for the TT genotype in comparison with the combined genotype (TA and AA) was 1.70 (95% CI¼1.16-2.50, P¼0.007) in men and 1.27 (95% CI¼0.81-1.99, P¼0.302) in women, suggesting that men predominantly bore the increased UC risk.
Association analysis of CARD8 polymorphisms with CD in Koreans
The genotype distributions of the seven SNPs in CD patients are summarized in Table 3 . Results are expressed as aORs using logistic regression analysis, with adjustment for gender and age.
A w 2 -test comparing allele and genotype frequencies between CD patients and controls revealed that rs1972619 located in intron 1 of CARD8 was of a marginal significance (P¼0.033, P¼0.022, respectively). The difference in allele frequency between controls and CD patients was 3.9%. However, the difference between control and UC groups was 2.6% in the opposite direction (Table 2) . Therefore, the difference in rs1972619 allele frequency between UC and CD patients (6.5%) was statistically significant (P¼4.0Â10 À4 ). The aOR of rs1972619 for the GG genotype in comparison with the AA genotype was 2.00 (95% CI¼1.23-3.26, P¼0.005). Another SNP in intron 8, rs4389238, showed a 3.3% difference in allele frequency between controls and CD patients. The minor allele of rs4389238 showed a marginal association with CD under the recessive model (aOR¼2.00, 95% CI¼1.17-3.41, P¼0.012). In contrast, the nonsynonymous SNP, rs2043211, which was significantly associated with UC, failed to show any association with CD, and the frequency of the Cys allele was higher in CD patients than in controls (0.590 vs 0.576).
The only marker showing a weakly significant difference in allele frequency between men and women was rs4389238; specifically, the difference was 4.6% in men and 2.6% in women, indicating marginal significance in men (P¼0.041). The aOR of rs4389238 for the TT genotype in comparison with the CC genotype was 3.04 (95% CI¼1.33-6.93, P¼0.008) in men and 1.35 (95% CI¼0.63-2.89, P¼0.439) in women, suggesting an increased risk of CD for men.
CARD8 polymorphisms and clinical phenotypes of UC or CD
The relationship between UC clinical phenotypes and rs2043211 was next investigated. No significant differences were found in the frequencies of alleles or genotypes between the UC subgroups classified by maximal endoscopic extent. We also explored relationships between clinical phenotypes of CD, and rs4389238 and rs1972619. No significant differences in allele or genotype frequencies were evident among CD subgroups stratified by disease location, behavior and presence of perianal fistula.
Association analysis of NALP3 and NOD polymorphisms with IBD in Koreans
We genotyped five SNPs from NALP3 in Korean samples. Among these SNPs, rs76291085 was not polymorphic in Koreans. The allele frequency of the NALP3 nonsynonymous SNP rs35829419 (Q705K) was 0.002 in CD and 0.003 in UC patients, but 0 in controls. In association analyses, the four SNPs did not show a significant association with either CD or UC (Supplementary Table 1) . Additionally, none of the four SNP genotypes from NOD2 was associated with CD (Supplementary Table 2 ).
Measurement of serum IL-1b concentrations
To explore the functional significance of the CARD8 nonsynonymous SNP rs2043211 (C10X) on the activity of caspase-1, we measured serum levels of IL-1b in 70 controls, 107 CD and 106 UC patients, to assess correlation with genotype. IL-1b levels were significantly higher in CD (mean ± s.d., 7.0 ± 17.3 pg ml À1 ) and UC patients (4.9±8.4 pg ml À1 ) than in controls (1.0±6.8 pg ml À1 , P¼0.010 for both CD and UC patients). However, the difference in mean IL-1b level between UC and CD patients was not statistically significant (P¼0.265). Upon analysis of variance between IL-1b level and genotype in CD and UC patients, serum IL-1b levels did not differ significantly among UC or CD patients with the three rs2043211 genotypes (TT, 6.6±11.9 pg ml À1 ; TA, 5.3±4.1 pg ml À1 ; AA, 2.8 ± 4.8 pg ml À1 , P¼0.116 for UC patients, TT, 4.1 ± 9.7 pg ml À1 ; TA, 12.9 ± 29.5 pg ml À1 ; AA, 5.5 ± 10.1 pg ml À1 , P¼0.114 for CD patients) As shown in Table 4 , a combined analysis of heterozygotes and homozygotes revealed a positive correlation between the presence of the stop allele of rs2043211 and higher serum IL-1b levels in UC patients only (TT+TA 6.1 ± 9.8 pg ml À1 , AA, 2.8 ± 4.8 pg ml À1 , P¼0.048). Moreover, we observed a more significant association in analysis by gender in UC patients only. Serum IL-1b levels among female UC patients with the three genotypes of rs2043211 were markedly different (P¼0.027).
DISCUSSION
Of the seven SNPs of CARD8 tested in this study, rs2043211 and rs1972619 showed statistically significant associations with UC and CD, respectively. Interestingly, SNPs associated with UC and CD did not overlap in Koreans. In addition, the risk alleles of six of the seven SNPs in UC and CD patients were opposite to each other. The differences in allele frequencies of rs2043211 and rs1972619 between UC and CD patients were 6.3% and 6.5%, respectively, and were statistically significant (P¼0.001, P¼4Â10 À4 , respectively). Our data of the opposite direction of the six SNPs between UC and CD patients suggest distinct roles for CARD8 in these related diseases. Notably, the fact that the effects were opposite resulted in absence of an association signal upon analysis of combined CD and UC samples, suggesting that previous negative reports on genetic associations with IBD should be reexamined with caution. To the best of our knowledge, this is the first report to show that alleles associated with UC and CD are distinct in effect pattern, and this is the first analysis of CARD8 genotype in an Asian population.
McGovern et al. found that the common allele A (Cys) was associated with CD, 25 whereas Fisher et al. demonstrated an association of the rare allele T (stop) with IBD. 26 Subsequent studies on German and Norwegian IBD patients, 27 and on three independent European cohorts, German, Dutch and Hungarian, 28 failed to replicate the association of rs2043211 with CD or UC. Recent studies suggested that these conflicting results might be because of an interaction of rs2043211 with loss-of-function variants in NOD2 and gain-of-function SNP (rs35829419, Q705K) in NALP3. A Swedish report showed that men carrying both the C10X and Q705K alleles in CARD8 and NALP3, and wild-type NOD, were at increased risk specifically for CD. 32 Another study performed in New Zealand found protective effects of the minor CARD8 allele rs2043211 or NALP3 rs35829419 against CD in the context of major allele homozygosity of the other SNPs. 33 Moreover, the effects were more intense in the absence of NOD2 mutations. 33 NOD2 on chromosome 16 was the first CD susceptibility gene identified in patients of European origin. [42] [43] [44] However, this finding has not been replicated in Asian populations. [45] [46] [47] Examination by our group of four SNPs across NOD2 found no evidence of association with CD in Koreans (Supplementary Table 2 ). In addition, we observed no association of NALP3 genotype with CD or UC in Koreans (Supplementary Table  1 ). The frequency of the NALP3 risk allele, rs35829419 (Q705K), in the control population was higher in Caucasians than in Koreans (0.04-0.07 vs 0.00), [31] [32] [33] whereas the frequency of the stop allele of rs2043211 in controls was higher in Asians than in Caucasians (0.42 vs 0.32-0.34). [25] [26] [27] [28] As we identified only four and three heterozygotes among UC and CD patients, respectively, it was not possible to examine the combined effects of NALP3 and CARD8 genotype in Koreans. These data further emphasize the differences in the genetic background of IBD patients in Asian and Western countries.
Another interesting finding of this study is the gender-related difference in association of rs2043211 and rs4389238 with UC and CD, respectively, in Koreans. One well-known difference between Asian and Caucasian CD patients is male predominance among Asians. Specifically, a male-to-female ratio of around 2:1 is evident in Korea and Japan, compared with about 1:1 in Western countries. [48] [49] [50] In contrast, the incidence of UC in Koreans is comparable between men and women. 49 It is not known whether this gender difference in IBD incidence is caused by environmental factors, genetic influences or a combination of these parameters. We observed gender differences in UC susceptibility associated with rs2043211 and CD susceptibility with rs4389238. In both instances, the risk was higher in men (aOR¼1.70, P¼0.007 for rs2043211, aOR¼3.04, P¼0.008 for rs4389238). The earliest report on gender differences in IBD susceptibility among Western populations showed an increased risk of developing CD in men with both the C10X and Q705K alleles of CARD8 and NALP3, respectively, and wild-type NOD2. 32 Although the SNPs involved in CD in Koreans are distinct from those in Caucasian CD patients, the CARD8 variants showed gender susceptibility differences to CD in both Caucasian and Korean populations.
Given the role played by CARD8 in assembly of the NALP3 inflammasome and CARD8 interactions with NOD2, we also determined whether UC-or CD-associated CARD8 SNPs affected IL-1b processing, by measuring serum IL-1b levels in IBD patients and controls. Serum IL-1b levels were significantly higher in UC (P¼0.010) and CD (P¼0.010) patients than in controls. However, the differences between IL-1b levels in UC and CD patients were not statistically significant (P¼0.265). IL-1b levels sorted by gender were not significantly different in either UC (P¼0.742) or CD patients (P¼0.071). An analysis of variance between IL-1b levels and genotypes showed that the stop allele of rs2043211 appeared to be correlated with higher serum IL-1b levels in female UC patients (P¼0.027). However, no association was evident between the rs2043211 or rs1972619 genotypes and serum IL-1b levels in CD patients. Although the association of rs2043211 with UC was more significant in males than in females, the correlation between serum IL-1b levels and genotype appeared more significant in female patients with UC. This discrepancy may be because of polymorphisms present in genes associated with other functions of CARD8.
Our study was limited by an absence of information on disease activity in UC and CD patients during the period of serum collection. We cannot rule out the possibility of bias in serum IL-1b levels, attributable to various levels of disease activity in patients at the times of sampling. In addition, we do not know whether the UC-and CDassociated SNPs exhibit loss-, or gain-of-function effects. CD patients carrying the stop allele of rs2043211 express an immunoreactive isoform of CARD8 and a somewhat reduced level of its mRNA. 29 However, the functional significance of this stop allele in UC patients, as well as the role played by rs1972619 in Korean CD patients, remain to be determined. In summary, we confirmed previously described associations between CARD8 polymorphisms and UC or CD in the Korean population. Interestingly, the SNPs associated with the two diseases did not overlap. Although the biological functions of UC-or CDassociated CARD8 SNPs remain to be established, the nonoverlapping alleles between UC and CD patients suggest that these clinically related diseases have distinct pathogenic mechanisms. Further studies are essential to elucidate the specific roles played by CARD8 variants in UC and CD.
